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ABSTRACT
The spectrum of stars in the submillimeter to centimeter wavelength range remains poorly con-
strained due to a lack of data for most spectral types. An accurate characterization of stellar emission
in this regime is needed to test stellar atmosphere models, and is also essential for revealing emission
associated with unresolved circumstellar debris. We present ALMA observations of the three nearby,
main-sequence, debris-poor, F-type stars γ Lep, γ Vir A, and γ Vir B at 0.87 and 1.29 millimeters. We
use these data to constrain semi-empirical atmospheric models. We discuss the atmospheric structure
of these stars, explore potential short term variability, and the potential impact on debris disk studies.
These results are part of an ongoing campaign to obtain long wavelength observations of debris-poor
stars, entitled Measuring the Emission of Stellar Atmospheres at Submillimeter/millimeter wavelengths
(MESAS).
Keywords: stars: individual (γ Lep, γ Vir) - radio continuum: stars - stars: atmospheres - submillime-
ter: stars - circumstellar matter
1. INTRODUCTION
The dominant stellar emission mechanisms at submil-
limeter to centimeter (submm-cm) wavelengths depend
strongly on the spectral type. The Sun, for example,
has a corona with temperatures in excess of 106 K cou-
pled with many turbulent and variable processes that
make it difficult to model at mm-cm wavelengths (e.g.,
Loukitcheva et al. 2004; Wang 2011; Wedemeyer-Bo¨hm
& Wo¨ger 2007; De la Luz et al. 2014). While these
processes may be common for Solar-type stars, emis-
sion models for other spectral types have largely gone
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untested until only recently, due to the lack of observa-
tories with the required sensitivity. In order to test stel-
lar emission models at submm-cm wavelengths, observa-
tions of a broad range of spectral types, with no known
circumstellar material, are required. The current sam-
ple of observed debris-poor main-sequence stars at long
wavelengths is limited to only a few targets including α
Centauri A/B (G2V and K1V binary, Solar-like submm-
mm spectra; Liseau et al. 2015), Sirius A (A1V, much
cooler photospheric emission in submm-cm; White et al.
2018a, 2019),  Eridani (K2V, potentially separable long
wavelength emission from the debris disk; MacGregor et
al. 2015).
A broader and more precise understanding of stellar
emission mechanisms is imperative for a better char-
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acterization of circumstellar environments in general.
The smallest, coolest stars such as TRAPPIST-1 (M8V
star with 7 terrestrial planets Gillon et al. 2017), have
been found to be frequent hosts of terrestrial planets
at small orbital radii (e.g., Dressing & Charbonneau
2015). Due to strong stellar magnetic fields, high en-
ergy particles and radiation can impact the habitability
which would otherwise nominally orbit within a habit-
able zone. Therefore, in order to accurately determine
the habitability of its planets, TRAPPIST-1’s submm-
cm wavelength emission must be observed and modeled
(Hughes et al. 2019).
The clearing stages of planet formation will largely
deplete the circumstellar environment of small µm - cm
sized particles, as these are swept up into planets, aster-
oids, comets, or other large objects that are difficult or
not possible to observe. As these larger objects collision-
ally evolve, they can replenish the small dust and debris
in the system, creating what is referred to as a debris
disk (for a detailed overview of debris disk structure and
formation, see Hughes et al. 2018). In an unresolved sys-
tem, the presence of debris is typically inferred through
modeling the expected stellar emission in the spectral
energy distribution (SED) and assuming the excess is
due to thermal emission from such a disk. Therefore, a
reliable stellar model is required to detect and accurately
study a debris disk. Debris disks are most commonly
found around A-type stars (e.g., Su et al. 2006; Thureau
et al. 2014), and have an observed occurrence rate of
0.22+0.08−0.07 around nearby FGK-type stars (Montesinos et
al. 2016). With the exception of G-type stars, mod-
els of the submm-cm emission of these spectral types
are largely non-existent. To properly constrain both
the occurrence and abundance of excess emission due
to circumstellar debris, we must first have well informed
stellar spectra.
In this paper, we present Atacama Large Millimeter
Array (ALMA) observation of γ Lep, γVir A, and γVir
B. γ Lep is a 1.3 Gyr main-sequence F6V star with a dis-
tant K2 companion at a separation of ∼ 100′′ (Abt 2008;
Holmberg et al. 2009). It has no detectable amount of
circumstellar debris, as evidenced by the lack of IR ex-
cess with Herschel/PACS at 100 µm and 160 µm (e.g.,
Montesinos et al. 2016). γ Vir is a binary system con-
sisting of two 1.1 Gyr main-sequence F0IV stars with a
3.′′6 separation (Abt 2008; Vican 2012). Montesinos et
al. (2016) noted that there was a “dubious” detection of
slight IR excess in Herschel/PACS data which the na-
ture and abundance are difficult to quantify due to the
uncertainty in the photospheric fluxes and the stellar
multiplicity. The similarities of the two stars in γ Vir
allows for testing of variability within a single observa-
tion if the separation is resolved. Together, these three
stars are some of the closest F-type stars with no known
debris, making them ideal targets for studying the stellar
emission of F-type stars in the mm wavelength regime.
The details of the ALMA observations are presented
in Sec. 2, the modeling is described in Sec. 3, and the
results and implications for debris disks are discussed in
Sec. 4. These data are part of an ongoing effort to char-
acterize stellar atmospheres at submm-cm wavelengths
through Measuring the Emission of Stellar Atmospheres
at Submillimeter/centimeter wavelengths (The MESAS
Project).
2. OBSERVATIONS
We observed γ Lep and γVir with ALMA during Cy-
cle 5 (ID 2017.1.00698.S, PI White) and Cycle 6 (ID
2018.1.01149.S, PI White). The observations of γ Lep
used the J2000 coordinates of R.A. = 05h 44m 27s.79 and
δ = −22◦ 26′ 54.′′18 and the observations of the γVir
system were centered on γVir A using the J2000 coor-
dinates of R.A. = 12h 41m 39s.62 and δ = −01◦ 26′ 57.′′82
with proper motion corrections at the time of each obser-
vation. The specific observational details for each target
in each ALMA band are outlined in Secs. 2.1 and 2.2.
We observed both targets with ALMA Band 6 and
Band 7 and used instrument configurations with a to-
tal continuum bandwidth of 8 GHz split among 4 spec-
tral windows (SPW). Each SPW has 128× 15.625 MHz
channels for a total bandwidth of 2 GHz. The Band 6
SPWs were centered at 224 GHz, 226 GHz, 240 GHz,
and 242 GHz, giving an effective continuum frequency of
233 GHz (1.29 mm). The Band 7 SPWs were centered
at 336.5 GHz, 338.4 GHz, 348.5 GHz, and 350.5 GHz
giving an effective continuum frequency of 343.5 GHz
(0.87 mm).
All of the data were reduced using the Common
Astronomy Software Applications (CASA 5.4.1) pipeline
(McMullin et al. 2007), which included water vapor ra-
diometer (WVR) calibration; system temperature cor-
rections; flux and bandpass calibration; and phase cali-
bration.
2.1. γ Lep
The Band 7 observations were made on 2018 Septem-
ber 22 for 36.1 min (18.5 min on-source) and the Band
6 observations on 2018 September 28 for 65.3 min (42.0
min on-source). Both of the Execution Blocks (EB) used
a 43 antenna configuration with baselines ranging from
15 − 1397 m. The two EBs also used an identical cal-
ibration setup. Quasar J0522-3627 was the flux and
bandpass calibrator; quasar J0609-1542 was the phase
calibrator; quasars J0544-2241, J0609-1542, and J0522-
MESAS: γ Lep and γ Vir 3
Star Wavelength Date Flux Calibrator Flux Model Uncertainty Obs. Uncertainty Reduced χ2
(mm) YYYY MMM DD (µJy) (µJy) (µJy beam−1)
γ Lep 0.87 2018 Sep 22 J0522-3627 707 17 30 2.83
γ Lep 1.29 2018 Sep 28 J0522-3627 345 6 10 2.82
γ Vir A 0.87 2018 Dec 20 J1256-0547 653 13 22 3.52
γ Vir A 0.87 2019 Mar 20 J1256-0547 695 12 21 3.57
γ Vir A 1.29 2019 Mar 09 J1256-0547 323 8 14 3.49
γ Vir A 1.29 2019 Mar 18 J1256-0547 328 8 14 3.48
γ Vir B 0.87 2018 Dec 20 J1256-0547 681 13 22 3.51
γ Vir B 0.87 2019 Mar 20 J1256-0547 694 12 21 3.57
γ Vir B 1.29 2019 Mar 09 J1256-0547 307 8 14 3.49
γ Vir B 1.29 2019 Mar 18 J1256-0547 356 8 14 3.48
Table 1. Summary of observations and visibility model fitting results. The flux, model uncertainty, and reduced χ2 are from
the CASA task uvmodelfit. The observational uncertainty is the σrms of each EB. The stated uncertainties do not include the
absolute flux calibration uncertainty, which is ≤ 10% at these wavelengths.
3627 were used to calibrate the WVR. The average pre-
cipitable water vapor (PWV) was 0.24 mm for Band 7
and 0.97 mm for Band 6.
Both of the bands were imaged using the CASA
CLEAN algorithm using threshold of 12 σrms and nat-
ural weighting. The Band 7 data achieve a σrms sensi-
tivity of 30 µJy beam−1 and the Band 6 data achieve
a sensitivity of 10 µJy beam−1 in the CLEANed im-
ages. The sizes of the resulting synthesized beams are
0.′′25 × 0.′′20 at a position angle (PA) of 83.1◦ for Band
7 and 0.′′36 × 0.′′30 at a PA of 81.4◦ for Band 6. These
correspond to ∼ 2 au and ∼ 3 au at the system distance
of 8.9 pc for Bands 7 and 6, respectively.
2.2. γ Vir
The Band 7 observations were made on 2018 De-
cember 20 for 49.2 min (29.4 min on-source) and 2019
March 20 for 49.7 min (29.4 min on-source). The De-
cember EB used a 43 antenna configuration with base-
lines ranging from 15 − 500 m and the March EB
used a 43 antenna configuration with baselines rang-
ing 15 − 313 m. Quasar J1256-0547 was the flux
and bandpass calibrator. Quasar J1229+0203 was the
phase calibrator in December and quasar J1218-0119
was used in March. Quasars J1229+0203, J1256-0547,
and J1222+0413 were used to calibrate the WVR in De-
cember, and J1218-0119, J1220+0203, and J1256-0547
were used in March. The average precipitable water va-
por (PWV) was 0.70 mm in December and 0.40 mm in
March.
The EBs were imaged using the CASA CLEAN algo-
rithm using threshold of 12 σrms and natural weighting.
Together, these Band 7 data achieve a σrms sensitivity
of 15 µJy beam−1 in the CLEANed image. The size of
the resulting synthesized beam is 0.′′79 × 0.′′69 at a po-
sition angle of 81.2◦, corresponding to ∼ 8.7 au at the
system distance of 11.7 pc.
The Band 6 observations were made on 2019 March
09 for 52.8 min (34.5 min on-source) and 2019 March
18 for 52.9 min (34.4 min on-source). Both of the EBs
used a 43 antenna configuration with baselines ranging
from 15 − 312 m. The two EBs also used an identical
calibration setup. Quasar J1256-0547 was the flux and
bandpass calibrator; quasar J1232-0224 was the phase
calibrator; quasars J1218-0119, J1256-0547, and J1232-
02243 were used to calibrate the WVR. The average
precipitable water vapor (PWV) was 1.90 mm on March
09 and 1.82 mm on March 18.
The EBs were imaged using the CASA CLEAN algo-
rithm using threshold of 12 σrms and natural weighting.
Together, these Band 6 data achieve a σrms sensitivity
of 10 µJy beam−1 in the CLEANed image. The size of
the resulting synthesized beam is 1.′′43 × 1.′′25 at a po-
sition angle of −65.2◦, corresponding to ∼ 16 au at the
system distance.
3. MODEL FITTING
3.1. Visibility model fitting
All of the stars observed are effectively point sources
given the achieved synthesized beams. Therefore we uti-
lize the same approach used in White et al. (2018a, 2019)
and obtain the flux using the CASA task uvmodelfit and
a point source model for all targets. This approach con-
verges on a minimum χ2 through an iterative procedure.
The results of the visibility model fitting are summarized
in Table 1. The flux uncertainties in Table 1 do not in-
clude the absolute flux calibration uncertainties, which
we adopt as∼ 10% (this is the commonly adopted uncer-
tainty at these wavelengths per Sec. A.9.2 in the ALMA
Proposer’s Guide). As the same flux calibrator was used
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Figure 1. ALMA continuum observations of the γ Vir system (top row) and the γ Lep system (bottom row). For each system,
the Band 7 (0.87 mm) observations are on the left and the Band 6 (1.29 mm) observations are on the right. γ Vir A is located
approximately in the phase center of the image, γ Vir B is located to the South, and the unidentified background galaxy is
located to the Northwest. The synthesized beam is denoted by the black ellipse in the bottom left of each image.
for both γ Lep EBs, and the same for all γ Vir EBs, the
absolute flux uncertainty between observations of each
system should be relatively minimal.
We also explore the variability of each target, and
within each EB, by using the same uvmodelfit proce-
dure applied to each on-source scan. We plot the time
series for each star and discuss the results in Sec. 4.2.
3.2. Additional source near the γ Vir system
There is a third source present in the field of the γ
Vir system (see NW object in the top panels of Fig. 1).
We were unable to identify the object in any catalogues,
likely due to its very close proximity to γ Vir (current
projected separation of ∼ 4.′′2). We detected the object
at a signal-to-noise of & 10 in all EBs, so it is indeed a
real source. The location of the peak flux is consistent
between the 2018 December 20 EB and the 2018 March
08 EB to < 0.′′05, which implies that the object is likely
not located within the foreground of the γ Vir system
(11.7 pc). The position angle of the object is different
from that of the synthesized beam and the two γ Vir
stars, which implies that the source is at least marginally
resolved. Given the galactic latitude of +61◦, it is un-
likely that the object is a background circumstellar disk
in a star forming region.
To properly characterize the flux of this object, we fit
both a point source and Gaussian model to the object
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with uvmodelfit and find it to be more consistent with a
Gaussian. The Band 7 total flux is 430±25 µJy and the
Band 6 total flux is 160±16 µJy. This corresponds to a
spectral index α ≈ 2.5 and a dust emissivity β ≈ 0.5 as-
suming the object is in the Rayleigh-Jeans regime with
Sν ∝ ν2+β . These values do not appear to be consistent
with the typical β values of 1.5 to 2.0 (e.g., Casey et
al. 2014) for nearby dusty star forming galaxies. The
angular size of ∼ 1′′ and spectral index, however, can be
more common for high redshift galaxies (R. Hill, priv.
comm.). Gonza´lez-Lo´pez et al. (2020) use ALMA Band
6 number counts from the Hubble Ultra Deep Field to
estimate the expected number of high redshift galaxies
with a flux > 160 µJy to be ∼ 19080 deg−2, mean-
ing the expected number of objects within our ALMA
Band 6 field-of-view is about 0.5. Given all the consider-
ations listed above, we conclude that the object is likely
a background galaxy with either a high redshift or an
anomalous spectral index.
We use this object, along with the assumption that it
has a relatively constant flux during each EB, to con-
strain the potential variability of the two stars in the γ
Vir system (see Sec. 4.2).
3.3. Stellar atmosphere models
At far-infrared/mm wavelengths, stellar emission in
FGK-type stars is dominated by optically thick free-free
radiation (Dulk 1985; Gu¨del 2002). The flux is propor-
tional to the plasma temperature (TR) at a given wave-
length and can be used to probe the temperature struc-
ture as a function of height above the photosphere. The
stellar spectrum can therefore be used to build a model
of the thermal structure of the chromosphere. In the Ap-
pendix (Figures 4, 5, and 6), we show the semi-empirical
models for γ Lep, γ Vir A, and γ Vir B. These models
were generated using the KINICH-PAKAL code (Tapia-
Va´zquez, & De la Luz 2020). This code iteratively mod-
ifies the radial temperature and hydrogen density pro-
files, the ionization balance, and the opacity of a base
model using the Levenberg-Marquardt algorithm to ad-
just the synthetic spectrum to the ALMA data presented
here and the Herschel/PACS data for γ Lep (Montesinos
et al. 2016). In the atmosphere, the chromosphere has
a higher temperature than the photosphere leading to a
strong deviation from radiative equilibrium. Therefore,
we do not assume that ionization-excitation and radia-
tive transfer are in local thermal equilibrium. For our
models, a semi-empirical Solar model (model C7 from
Avrett & Loeser 2008) in hydrostatic equilibrium was
adopted as the starting point. This can be taken as an
average of the most commonly used Solar models (Ver-
nazza et al. 1981; Fontenla et al. 1993; Loukitcheva et al.
2004). For stars with a higher effective temperature than
the Sun, this model serves as an initial condition. In or-
der to constrain the region where the emission is gener-
ated in the models obtained from KINICH-PAKAL, we
plot the contribution function (CF) (Tapia-Va´zquez, &
De la Luz 2020) for each star at each wavelength. For γ
Lep, the Fig. 4(c) shows that the emission at millimeter
wavelengths (1.29 mm and 0.87 mm) is generated at high
chromosphere altitudes. At submillimeter wavelengths
(0.16 mm and 0.10 mm) the emission is generated in
the low chromosphere, close to photosphere. For γ Vir
A and γ Vir B, Figs. 5(c) and 6(c) show that the radia-
tion is generated around 2000 km over the photosphere.
The models for these three F-type stars were adjusted to
observations made by ALMA and Herschel/PACS, lead-
ing the synthethic spectrum to be in agreement with the
observed one shown in Fig. 3. The brightness tempera-
ture for γ Lep follows a Solar-like trend but γ Vir A and
γ Vir B exhibit a large increase, likely due to the lack
of constraining observations at longer wavelengths. The
temperature structures and stellar spectra are discussed
further in Sec. 4.1.
4. DISCUSSION
The ALMA data presented here are the first mm ob-
servations of F-type stars with no significant circum-
stellar material. These data allow for the first observa-
tionally constrained mm atmosphere models for stars of
these spectral types, an assessment of the long wave-
length variability/stability, and an exploration of the
potential bias in interpreting unresolved circumstellar
debris.
4.1. Semi-empirical chromospheric model
For γ Lep, the semi-empirical model is shown in Fig. 4
as the green dashed lines. In the plasma temperature
profile, we see a temperature minimum of TR,min =
4800 K (Teff/TR,min = 0.76) at a height of 750 km
above the photosphere. At this height, the model shows
a hydrogen density of nH = 9 × 1014 cm−3. The high
chromosphere has a positive temperature gradient un-
til it reaches 2200 km where the transition zone begins.
The purple dashed line in Fig. 5 show the semi-empirical
model obtained for γ Vir A. The plasma temperature
profile presents two temperature drops one around 500
km and another close to 1750 km. In Fig. 5 (c), the CF
shows that radiation at 0.87 mm begins to form at 1530
km and 1600 km for 1.29 mm, with its maximum con-
tribution for both around 2080 km. For γ Vir B, the
semi-empirical model is shown as the blue dashed line
in Fig. 6. This model has the same behavior as γ Vir
A in the plasma temperature profile. In Fig. 6 (c), the
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Parameter Sun γ Lep γ Vir A γ Vir B
Distance, D (pc) 0.0 8.93a 11.68a 11.68a
Radius, R (R) 1.0 1.32±0.04b 1.45b 1.45b
Effective temperature, Teff (K) 5800±5c 6255±70b 6730±300d 6694e
Temperature minimum, TR,min (K) 4400
f 4800 5580 5580
Minimum height, Zmin (km) 560
f 750 625 625
Table 2. Stellar parameters a Gaia Collaboration et al. (2018), b Fuhrmann et al. (2017), cMun˜oz Bermejo et al. (2013), d
Kahraman Alic¸avus, et al. (2016),
e Boesgaard & Tripicco (1986), f Avrett & Loeser (2008).
CF shows that radiation at 0.87 mm begins to form at
1600 km having its maximum contribution at 1970 km
on the photosphere. For 1.29 mm, the greatest contri-
bution is at 2120 km. In both models, the density is
higher than the Solar average and the temperature pro-
file shows that before 1500 km the plasma temperature
is similar to the effective temperature. For γ Vir A and γ
Vir B, the plasma temperature anomalies below 1000 km
and large brightness temperatures at long wavelengths
(Fig. 3) are due to the fact that the KINICH-PAKAL
framework uses observation data as constraints to model
the temperature structure and the lack of data at shorter
and longer wavelengths does not allow for restrictions of
the plasma temperature profile in the upper and lower
layers. Therefore, it is not possible to perform an anal-
ysis of the temperature minimum in these two stars.
The gray regions in the Fig. 4(a)-(c), Fig. 5(a)-(c), and
Fig. 6(a)-(c) show the outer boundaries of the models
where the convergence method cannot be applied di-
rectly.
The models presented here are a first step towards de-
tailed models of the submm-cm spectra of F-type stars.
The location and the depth of the temperature mini-
mum in the chromosphere are influenced by the abun-
dance of CO in the atmosphere (Linsky & Ayres 1973)
and acoustic waves (Schmitz, & Ulmschneider 1981). A
combination of broad spectral coverage and CO spectra
(e.g., with ALMA Band 9 and 10) will allow to investi-
gate the formation height of TR,min and the temperature
structure of the chromospheres.
4.2. Potential millimeter wavelength variability
The stellar atmosphere models presented in Sec. 3.3
reproduced the observed flux reasonably well if the ob-
servations are combined over the entire time on-source
in each EB to increase the signal-to-noise. As is common
practice in radio interferometry, the EB observing strat-
egy alternates between the target and a phase calibrator
until the total on-source time is achieved. We can there-
fore further divide up the observations into increments
of 6 − 8 minutes between individual phase calibrations
to assess potential short term variability. For γ Lep,
we show the time series flux for both Bands 6 and 7 on
the left side of Fig. 2. While the curves are indeed not
flat, they are roughly consistent with the full integrated
flux and there is likely no variability at the level of the
flux calibrations over the course of the observations. As
these are the first mm wavelength observations of γ Lep,
we cannot rule out the possibility of variability at time
periods longer than the length of the EBs.
For the γ Vir system, we have the benefit of observ-
ing a binary with two nearly identical stars at multi-
ple dates, as well as a background source (with no pre-
sumed variability). The times series is shown on the
right side of Fig. 2. For random or uncharacterized ob-
servational uncertainties, we would expect both γ Vir A
and γ Vir B to follow a similar trend, as they are both
located near the phase center of the observations (i.e.,
the phase calibration should be better towards the phase
center). The background source is included too, as it is
unlikely to exhibit any significant variability if it is in-
deed a high redshift galaxy (we shifted the flux of this
source up to match the γ Vir stars for ease of presen-
tation). Therefore, we can reasonably assume that the
apparent variability in the background source is consis-
tent with observational uncertainty on such short time
intervals. We plot the time in minutes but note that it
is discontinuous between EBs. Plotting the times series
with this approach is the best way to compare all 4 of
the EBs which were observed at irregular intervals over
a 3 month period. The spacing between data points
within a single EB is preserved, allowing for general,
short period trends to be identified.
When comparing the 3 objects in the γ Vir field, we
find that γ Vir A and γ Vir B at times deviate from
the trend of the background source and each other. For
example, the Band 7 observations from 2019 March 20
show that the background source and γ Vir A have a
nearly identical trend while γ Vir B has a markedly dif-
ferent trend. In contrast to this, during the second half
of the 2018 December 20 observations the background
source and γ Vir B have a similar trend while γ Vir A
is the star that appears to deviate. Taken at face value,
these time series data suggest that there is potentially
variability in one or both of the γ Vir stars at the minute
to 10s of minutes time scales. We caution though that
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Figure 2. Time series plots of γ Lep (Left) and the γ Vir system (right). For each point on the plot, the total flux was fit
using the CASA task uvmodelfit and broken up into 6− 8 minute time intervals. The date of each EB, and corresponding times
series, is denoted on the bottom of each plot. While the time is plotted in minutes, we note that it is not continuous between
EBs. The relative time between data points, however, is preserved. For γ Vir, the flux of the background source has been
shifted up to coincide with the two stars. This approach was used as the EBs were observed weeks to months apart and only a
qualitative assessment of the variability within a single EB is being considered.
there could still be some unconstrained systematic un-
certainty in each flux value that is driving the observed
trends. Future observations are necessary in order to
confirm or reject the presence of millimeter variability
in the γ Vir system.
Short period variability that is difficult to model is not
completely unheard of for stars. Balona et al. (1994)
found γ Doradus to be of a new class of short period
pulsating F-type stars. There are some rapid pulsators
given the designation of hybrid γ Dor and δ Scuti Pul-
sators (Grigahce`ne et al. 2010), however these types of
stars are also observed to be rapid rotators, which is
not the case for the γ Vir system. Patsourakos et al.
(2019) observed the Sun at 3 mm with ALMA and a 2 s
cadence. They detected spatially resolved fluctuations
in the TB at the few hundred K level on timescales of
several minutes. The fluctuations lagged behind 1600 A˚
observations by ∼ 100 s and may be due to propagating
sound waves in the Solar atmosphere. While observa-
tions of stars other than the Sun with this level of time
resolution would not be possible due to signal-to-noise
constraints, this presents a possible explanation for the
variability in γ Vir, should it indeed be real.
4.3. Relevance for debris disk studies
An unconstrained submm-cm stellar spectrum can
lead to an inaccurate interpretation of the presence of
debris. This is clearly highlighted if we consider the γ
Vir system. There are three sources present in γ Vir
(the two stars and a propsoed background galaxy) that
would indeed contribute to uncertainty in the flux from
a given component for a lower resolution telescope, but
to illustrate this example we will only consider the flux
from γ Vir B in Band 6.
If we take the highest measured Band 6 flux value of
356 µJy, and assume that there is an underlying debris
belt, we can use other standard estimates of the stellar
emission to find out how much “excess” there is. For ex-
ample, if we assume a Sirius-like emission profile (e.g.,
White et al. 2019), characterized by ∼ 0.6 TB, or a sim-
ple full blackbody extrapolation of TB of from the opti-
cal photosphere temperature (i.e., 100% TB), we would
get an excess of 180 µJy and 65 µJy, respectively. If we
assume this emission comes from an asteroid belt-type
structure, then we can get rough estimate of the total
amount of debris. This asteroid belt would be unre-
solved (i.e., located within the synthesized beam) so we
can say it is at a radii of < 9 au. Adopting the meth-
ods in White et al. (2017), a lower level total debris
mass can be calculated by assuming the excess emis-
sion is only coming from ∼mm grains located in a single
ring at (along with some other basic idealized assump-
tions such as as the grains being perfect emitters and
a density of 2.5 g cm−3). For simplicity, we assume the
asteroid belt is located at 4 au, or half the resolvable
radii. For a γ Vir-like star with excesses listed above we
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would expect 2−5×10−5 M⊕ of mm debris. If this “ex-
cess” were indeed coming from a debris disk, then there
should in theory be a full size distribution of grains up
to asteroid-sized objects. Again adopting the methods
in White et al. (2017), we can assume the disk is spread
out between 2 − 4 au, is populated by grains ranging
from 10µm to 25 km with a size distribution of q ∼ 3.5,
and the emission/absorption efficiency of the grains is
dependent on the grain’s size. This would lead us to
infer 0.02 − 0.07 M⊕ of total debris in the disk, mak-
ing it ∼ 100× larger than the asteroid belt in our Solar
system.
While the above calculations do indeed make some
generous and far reaching assumptions given the lack of
information, none of them are out of context for estimat-
ing the total mass of a debris disk. If the observed flux at
∼mm wavelengths was, for example, 10 − 100× larger
than the expected stellar emission for a given system,
then the above approach would likely be used to better
characterize the debris. This scenario highlights that it
is imperative to have an accurate stellar emission model
when studying unresolved circumstellar debris. This is
particularly true if currently oversubscribed facilitates,
such as ALMA, and future facilities such as the next
generation Very Large Array (ngVLA) are to be used to
their full potential in studying unresolved debris struc-
tures (White et al. 2018b).
5. SUMMARY
In this paper, we presented ALMA observations of γ
Lep, γ Vir A, and γ Vir B at 0.87 and 1.29 mm. We
used the data to inform a KINICH-PAKAL stellar at-
mosphere code to provide the first semi-empirical mod-
els of F-type stars constrained by mm data. The models
show a brightness temperature minimum in the sub-mm
and a sharp rise at wavelengths longer than ∼ 1 mm.
While we cannot directly confirm or reject the presence
of short-term variability within the γ Vir system, vari-
ability appears to be present in one or both of the stars.
These stellar spectra also highlight the potential bias on
debris disk studies and demonstrate how unconstrained
stellar emission can lead to the inference of circumstel-
lar debris. A comprehensive catalog of stellar spectra
that covers submm-cm wavelengths is necessary to fully
understand stellar atmospheric processes and accurately
study unresolved debris features.
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APPENDIX
In Figs. 4, 5, and 6 we show additional modelling results obtain with the KINICH-PAKAL framework. In each figure,
we show the plasma temperature (TR), hydrogen density (nH), contributions functions (CF), and opacity (τν) as a
function of height in the chromosphere. In all of the plots, we include the Solar average semi-empirical model (model
C7 from Avrett & Loeser 2008) which were used as initial conditions for each star.
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Figure 4. γ Lep model. (a): The green dashed line shows the γ Lep temperature profile obtained with KINICH-PAKAL.
The orange solid line is the Solar average semi-empirical model C7 (Avrett & Loeser 2008). (b): Density profile for γ Lep
(green dashed line) and comparison with average Solar values (solid orange line). (c): Normalized CF for γ Lep model for the
observable wavelengths. For 1.29 mm the maximum contribution occurs at 1344 km over the photosphere and present a second
peak around 1968 km with a contribution of 33%. At 0.87 mm the CF has the maximum at 1248 km and a second peak at 1968
km with a contribution of 15%. For 0.16 mm and 0.10 mm, the CF presents one peak at 600 km and 544 km respectively. (d):
Optical depth at 0.19 mm (red line), 0.16 mm (green line), 0.87 mm (orange line), and 1.29 mm (blue line).
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Figure 5. γ Vir A model. (a): The magenta dashed line shows the γ Vir A temperature profile obtained with KINICH-PAKAL.
The orange solid line is the Solar model. (b): Density profile for γVir A (magenta dashed line) and comparison with average
Solar values (solid orange line). (c): Normalized CF for γ Vir A for the observable wavelengths. At 1.29 mm the maximum
contribution occurs at 2080 km over the photosphere. At 0.87 mm, the CF has a maximum at 2080 km with a second smaller
peak at 1688 km with a contribution of 60%. (d): Optical depth at 0.87 mm (orange line) and 1.29 mm (blue line).
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Figure 6. γ Vir B model. (a): The cyan dashed line shows the γ Vir B temperature profile obtained with KINICH-PAKAL.
The orange solid line is the Solar model. (b): Density profile for γ Vir B (cyan dashed line) and comparison with average
Solar values (solid orange line). (c): Normalized CF for γ Vir B for the observable wavelengths. At 1.29 mm, the maximum
contribution occurs at 2120 km over the photosphere. At 0.87 mm, the CF has a maximum at 1968 km. Both wavelengths just
have one peak. (d): Optical depth at 0.87 mm (orange line) and 1.29 mm (blue line).
